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Abstract 
Applications for porous materials range from structural materials to filters and acoustic absorbers. In many of these applications, 
e.g. silencers or air filters, the porous material is exposed to dirt. Fouling of filter materials and acoustic absorbers can change 
their characteristics by blocking pores, changing the pore morphology and decreasing the porosity. As parameters like trade 
efficiency and flow resistivity, that are important for the functionality of filters and acoustic absorbers, depend on the porosity 
and pore morphology, the fouling behaviour of porous materials is of major interest. In this study porous metals with different 
pore morphologies and porosities are investigated, such as microperforated panels, sintered fiber felts, metal foams and 
nanoporous superalloy membranes. The materials are mounted on a roof rack and polluted for a period of six month. The samples 
are periodically examined for changes in geometrical characteristics and flow resistivity. The materials are characterized using 
three dimensional CT-images as well as two dimensional microscopy images. Finally the correlation of geometrical 
characteristics, fouling behaviour and flow resistivity is outlined. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Scientific Committee of North Carolina State University.  
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1. Introduction 
A major application for porous materials is acoustic sound absorption. The aero-acoustic noise generated by flow 
around airplane wings can be reduced using porous surfaces, e.g. a porous trailing edge (Herr (2005), Bohn (1976), 
Revell (1997)). The porous surfaces mounted to the wings are exposed to dirt, which can change their characteristics 
by blocking pores, changing the pore morphology and decreasing the porosity. The microstructure of the porous 
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materials influences the flow resistivity, an essential parameter to describe the acoustic characteristics of porous 
materials. This study examines the connection between microstructure and flow resistivity and the development of 
the material parameters during the fouling process. For this, various materials like superalloy membranes, sintered 
fiber felts, metallic foams and perforated plates, that cover a wide range of different pore morphologies, pore sizes  
(1 µm - 450 µm) and porosities (40% - 95%) were chosen. For the fouling experiment the porous materials are 
mounted to a roof rack and examined regularly. The samples are separated in samples for the microstructural 
examination (20 mm x 20 mm) and samples for flow resistivity measurements (120 mm x 120 mm). The 
microstructure and flow resistivity are checked after 1 month and 6 months. The porous materials were characterized 
using light and electron microscopy as well as computer tomography. The flow resistivity of all samples was 
measured according to DIN EN 29053 by the Physikalisch-Technische Bundesanstalt - PTB in Braunschweig (DIN 
29053 (1993)). Due to the different structures and different pore morphologies each material requires different 
parameters and another model to predict its behavior. In this paper perforated plates and sintered fiber felts will be 
discussed. The pores of the perforated plates can be described as capillaries. For the sintered fiber felts this is not 
possible, due to the strongly irregular shape of pores. 
2. Fouling Modeling 
To model the effects of fouling in the behaviour of porous materials, it is assumed that the fouling forms a layer 
with a constant thickness over all the walls of the pores. In order to describe the relationship between the porous 
materials unexposed and exposed to the fouling process, a parameter  is adopted. 
               (1) 
where  and denote the porosity of the porous material fouled and unexposed, respectively. To 
establish a relationship between flow resistivity of the fouled and unexposed material, the following statement is 
assumed: 
                 (2)  and  represent the flow resistivity of the foul and unexposed porous material, respectively. 
3. Microperforated Plates 
To predict the behavior of fouled perforated plates, a model proposed by Atalla and Sgard (2009) is used 
(Rurkowska (2013)). This approach is based in Johnson-Allard rigid frame porous media and Biots parameters for 
cylindrical pores and an equivalent tortuosity are assumed. The effect and behavior of the perforated plates are 
mainly dependent on the porosity, flow resistivity, perforation thickness and mounting condition. The used 
mounting configuration consists of a perforated plate with thickness h, separated from a hard wall by an air cavity, 
shown in Figure 1. 
For straight cylindrical pores the flow resistivity σ=8η/ϕr², is related to the perforation radius of the pore r and the 
 
Figure 1. Mounting configuration. Perforated plate separated from a 
hard wall by an air cavity. 
 
Figure 2. Plate3. CT Image 
 
301 N. Lippitz et al. /  Procedia Materials Science  4 ( 2014 )  299 – 303 
porosity ϕ, where η is the viscosity of air. The viscous and the thermal characteristics lengths, Λ and Λ' , 
respectively, are equal to the hydraulic radius of the pore      (Allard (2009)). In order to take into account 
the distortions of the flow induced by the perforations, the tortuosity of the perforated plates must be corrected 
depending on the media in which the perforated system radiates (Atalla (2007)). 
 
                   (3) 
 
     The correction term , is a function of the correction length and associated the radiation of a circular piston in 
free air together with the tortuosity of the medium in which the perforated plate radiates (Atalla (2007)).  In this 
work two perforated plates with different thickness, pore radius and porosity, referred to as Plate 3 and Plate 4, are 
discussed. A CT image of Plate 3 is shown in Figure 2. The pores of the perforated plates are not cylindrical but 
slightly conical and expand to the bottom side of the plate. As pore radius the smaller top side radius is used. Plate 3 
and 4 differ only in the pore radius and plate thickness, not in the pore shape. 
     The used mounting configuration is shown in Figure 1, with a plate thickness of 0.64 mm, pore radius of     
0.05 mm, and air cavity of 20 mm. Table 1 show the material parameters of Plate 3 and 4, for an unexposed sample 
and after one and six month of exposure to the fouling process. In this table the values denoted with (*) and (**) 
were determined from CT images and from light microscope images, respectively. Values with (***) were measured 
using the alternating airflow method (Method B DIN EN 29053) and the rest of the values were obtained using the 
prediction method described above. In both samples, plate 3 and 4, it can be observed that after one and six month 
the flow resistivity has become higher and the calculated porosity and pore radius smaller as a consequence of the 
dirt inside the perforations. 
     Scanning electron microscope images of Plate 3 show that the circular cross-section is maintained and that the 
dirt deposits on the walls of the pores (Figure 3). For Plate 4 it can be observed that, due to a smaller radius, the 
pores are almost blocked by dirt particles and that the cross-section is no longer circular. Also the reduction of the 
pore size seems bigger than predicted, compare Figure 3. Note that the electron microscope images were taken from 
separate samples, not the samples used for flow resistivity measurements, and that there is no data about the 
adhesion of dirt to the porous material during the flow resistivity measurement. 
Table 1. Perforated plate 3 and 4 material parameters. Prediction of effect of fouling after one and six months of exposure 
Perforated plate 3 
Plate 3 material parameters Plate 4 material parameters 
Unexposed Fouled 1 months 
Fouled 
6 months Unexposed 
Fouled 
1 months 
Fouled 
6 months 
h [mm] 0.64** 0.64** 0.64** 0.55** 0.55** 0.55** 
σ [Pas/m²] 234844*** 341641*** 366078*** 767291*** 1010145*** 1120436*** 
 [-] 0.18* 0.149 0.144 0.140* 0.122 0.116 
r [mm] 0.05** 0.0455 0.0448 0.03** 0.0280 0.0273 
 [-] 1.069 1.068 1.067 1.053 1.052 1.052 
   [mm] 5.90E-5 5.37E-5 5.28E-5 3.70E-5 3.46E-5 3.37E-5 
 
 
Figure 3. Plate 3 and 4, after one month of exposure 
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Figure 4. Sintered fiber felt (SFF) 3. CT image 
 
Figure 5. Sintered fiber felt (SFF) 3, fouled after one month of exposure 
4. Sintered Fiber Felts 
To predict the behaviour of fouled sintered fiber felts, a rigid frame model is used (Allard (2009)). The 
relationship between flow resistivity of the clean and the fouled material is given by (1). Modelling the fibers as 
infinitely long cylinders having a circular cross-section with radius r, the viscous characteristic length L and the 
thermal characteristic length    for fibrous material are defined by 
 
        and      

        (4)  
where L is the total length of fiber per unit volume of material und r is the radius of the fiber cross-section (Allard 
(2009)). The tortuosity , is defined above as well. |v| denotes the absolute values of the local flow velocity,  the 
x component of that velocity and   the spatial average over the pore space (Koponen (1996)). For this work two 
sintered fiber felts with a different structure were selected. SFF 3 consist of three functional layers with different 
fiber radii and porosities and a support grid with significantly bigger dimensions, compare Figure 4. For the flow 
resistivity the layer with the smallest pores is most important. Therefore only the middle layer with the finest fibers 
is regarded. SFF 100 has only one functional layer. 
Table 2 shows the material parameters of sintered fiber felt 3, for a clean sample and after one month of exposure 
to the fouling process. It can be observed that the flow resistivity is increased by the dirt. The porosity shows a 
lower value and the fiber radius an increment as expected. Due to that the sintered fiber felt 3, present very small 
changes after one month of exposure to the fouling process, the tortuosity is assumed to remain unchanged.  
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Table 2. Sintered fiber felt 3 and 100 material parameters. Prediction of effect of fouling after one month. 
 Felt 3 
unexposed 
Felt 3  
1 month 
Felt 100 
unexposed 
h [mm] 0.74* 0.74* 0.43* 
 [Pas/m²] 3712371*** 3755357*** 56956*** 
 [-] 0.78* 0.776 0.92* 
r [mm] 0.0025* 0.00253 0.0125* 
 [-] 1.1486 1.486 1.10 
 [mm] 0.0057 0.0056 0.0781 
 [mm] 0,0114 0,0112 0,1563 
 
The flow resistivity of the sintered fiber felt 100 does not change after one month exposure to the fouling process. 
Parameters of the clean fiber felt are shown in Table 2. In this table the values denoted with (*) were determined 
from CT images. Values with (***) were measured using the alternating airflow method (Method B DIN EN 29053) 
and the rest of the values were obtained using the prediction method described above. 
Due to the structure of the sintered fiber felts it is difficult to detect dirt in the pores. Using electron microscopy it 
is only possible to look at the top layer of fibers, compare Figure 5. The relatively big pores allow dirt to reach the 
inner layers of the fiber felts, that cannot be seen from outside. As the images do not show any significant fouling in 
the top layer, the dirt that causes the increase in flow resistivity is expected in the middle layer with finer fibers. One 
option to detect dirt in the inner layers of sintered fiber felts is computer tomography. This creates a three-
dimensional image that allows looking into every layer of the porous material. A problem with computer 
tomography is that the contrast of dirt to surrounding air in X-ray images is very low and the contrast of metal fibers 
to surrounding air is high. As a result it is impossible to detect organic particles next to a metal without high effort. 
5. Conclusion 
In this study perforated plates and sintered fiber felts are microstructurally characterized and fouled. For the 
unexposed and fouled materials the flow resistivity is measured and, using the determined parameters, the fouling 
behavior is modeled. It can be observed, that the flow resistivity is increasing after one and six months of fouling. 
For the perforated plates it can be observed, that the dirt deposits on the walls of the pores and reduces the porosity, 
as expected. Especially for the fine pores the dirt seems to block the pores and change the cross-sectional shape of 
the pores. The sintered fiber felts require additional examinations to detect the dirt inside the material. The electron 
microscope images used here only show the top layers of the material. 
6. Acknowledgement 
The authors would like to thank the Sonderforschungsbereich 880 of the Deutsche Forschungsgemeinschaft and 
its graduate research program Modul Graduiertenkolleg (MGK) for the financial support. 
References 
Allard, J.F., Atalla, N., 2009. Propagation of Sound in Porous Media. John Wiley & Sons Ltd. 
Atalla, N., Sgard, F., 2007. Modelling of perforated plates and screens using rigid frame porous models. Journal of Sound and Vibration 303, 
195-208. 
Bohn, A.J., 1976. Edge noise attenuation by porousedge extentions. AIAA Paper No. 76-80., AIAA 14th Aerospace Sciences 
Meeting,Washington, D.C. 
DIN 29053: Acoustics; Material for acoustical applications; Determination of airflow resistance (ISO 9053:1991). German version EN 
29053:1993 
Herr, M., Dobrzynski, W., 2005. Experimental investigations in low-noise trailing-edge design. AIAA Journal 43, No.6, 1167-1175. 
Koponen, A., Kataja, M., Timonen J., 1996. Tortuous flow in porous media. Physical Review E 54, 406-410. 
Revell, J.D., Kuntz, H.L., Balena, F.J., Horne, C., Storms, B.L., Dougherty, R.P., 1997. Trailing-edge flap noise reduction by porous acoustic 
treatment. AIAA Paper No. 97-1646-CP. 
Rurkowska, K., Langer, S., 2013. Prediction of acoustic behaviour of microperforated plates in high-lift configuration. AIA-DAGA 2013, Meran. 
